We present an early-phase g-band light curve and visual-wavelength spectra of the normal Type Ia supernova (SN) 2013gy. The light curve is constructed by determining the appropriate S-corrections to transform KAIT natural-system B-and V-band photometry and Carnegie Supernova Project natural-system g-band photometry to the Pan-STARRS1 g-band natural photometric system. A Markov Chain Monte Carlo calculation provides a best-fit single power-law function to the first ten epochs of photometry described by an exponent of 2.16 −0.13 days before the time of B-band maximum (MJD 56648.5±0.1). The estimate of the time of first light is consistent with the explosion time inferred from the evolution of the Si ii λ6355 Doppler velocity. Furthermore, discovery photometry and previous nondetection limits enable us to constrain the companion radius down to R c ≤ 4 R . In addition to our early-time constraints, we use a deep +235 day nebular-phase spectrum from Magellan/IMACS to place a stripped H-mass limit of < 0.018 M . Combined, these limits effectively rule out H-rich nondegenerate companions.
Introduction
Today, Type Ia supernova (SN Ia) cosmology is limited by a subtle matrix of systematic errors. Although significant effort is being placed to reduce known systematics in order to improve upon the accuracy of measuring their peak luminosities (see Phillips et al. 2018) , obtaining distances accurate to the percent level will likely require a better understanding of their progenitors and explosion physics. Although SNe Ia likely originate from the thermonuclear disruption of a carbon-oxygen white dwarf (Hoyle & Fowler 1960) , key aspects regarding the companion and explosion process remain poorly understood. With the recent proliferation of very early discoveries and followup observations, SN Ia progenitor constraints can now be thoroughly tested. Moreover, when combined with nebular spectroscopy and X-ray limits, today's most constraining objects fail to match key predictions of the popular single-degenerate model (see, e.g., Shappee et al. 2018a ).
The current early-time SN Ia sample exhibits at least two different morphologies. In one case, the early light curves evolve exponentially and are well fit with a single power-law func- S-corrections as a function of phase computing using observed (dark circles) spectra and Hsiao et al. (2007) template spectra (light circles). The S-corrections enable us to accurately transform g CSP -band and BV.5-band natural-system photometry to the g PS1 natural system. (Right, bottom panel) g CSP -(red squares) and BV.5-band (blue triangles) natural-system photometry, and the S-corrected versions (green points; offset by +1 mag) transformed to the g PS1 natural system. tion. Objects exhibiting such a behaviour include SN 2011fe (Zhang et al. 2016) , KSN 2011b (Olling et al. 2015; Shappee et al. 2018b ), KSN 2012a (Olling et al. 2015; Shappee et al. 2018b) , ASASSN-14lp (Shappee et al. 2016) , and SN 2015F (Im et al. 2015; Cartier et al. 2017) . On the other hand, some SNe Ia exhibit a two-phase morphology. In such cases the first phase consists of a linear increase in flux typically extending over 3-5 days past the time of first light (t first ), followed by an abrupt exponential increase in flux as the light curve rises to maximum brightness. Objects exhibiting a two-phase morphology include SN 2012cg, (Marion et al. 2016; Shappee et al. 2018a) , SN 2012fr (Contreras et al. 2018) , SN 2013dy Pan et al. 2015) , SN 2014J (Zheng et al. 2014; Goobar et al. 2015) , iPTF 16abc (Miller et al. 2018) ), and SN 2017cbv . A two-component power-law function (or broken power-law function; Zheng et al. 2017) provides superior fits to the early light curves of these objects and more accurate estimates of both t first and the rise time (t rise ) to maximum (t max ).
Aside from four SNe Ia located in Kepler fields (Olling et al. 2015; Brown et al. 2018; Cornect et al. 2018 ), today's sample of objects studied at early times consists of low-cadence coverage, and it may be possible that a two-component emission structure has been misinterpreted as a single power law. For example, Foley et al. (2012) fit the early light curve of SN 2009ig with a single power law; however, when photometry computed from an open-filter discovery image is included, a two-component power law may indeed provide a superior fit (see Contreras et al. 2018) . Taken together with the recent observations of MUSSES1604D (also known as SN 2016jhr; Jiang et al. 2017 ) a SN 2006bt-like event (Foley et al. 2010; Stritzinger et al. 2011 ) that exhibited clear departures from a single/double power-law rise, the earlyphase observational parameter space of SNe Ia is far from fully explored.
Currently there are < 20 SNe Ia in the literature discovered within ∼ 3 days of t first , and the addition of more objects to the sample is crucial to fully map out the early-time parameter space. Here we present an early g-band light curve of the normal SN 2013gy (also known as PS1-13ejo) based on photometry calibrated to one well-understood photometric system. Specifically, Pan-STARRS1 (PS1; Tonry et al. 2012; Chambers et al. 2016 ) first g-band detection images are combined with follow-up imaging obtained by the Carnegie Supernova Project-II (CSP-II; Phillips et al. 2018 ) and the Lick Observatory Supernova Search (LOSS; Filippenko et al. 2001) . In addition to the light curve, a comprehensive set of visual-wavelength spectra is also presented. Kim et al. (2013) Fig. 1 . The redshift of NGC 1418 is z = 0.014023 (Catinella et al. 2005 ) and its Tully Fisher (TF) distance ranges from 43.8 Mpc (Springob et al. 2007 ) to 88.8 Mpc (Theureau et al. 2007) . Given the high dispersion of the TF distances, in the following we adopt the redshift distance, which after cor-Time relative to B-band maximum recting for a Virgo, Great Attractor, and Shapley infall model and adopting H 0 = 73 km s −1 Mpc −1 corresponds to a distances of 55.9 ± 3.9 Mpc (i.e., µ = 33.75 ± 0.15 mag). This is fully consistent with the distance derived from the comprehensive set of optical and near-infrared (NIR) light curves obtained by the CSP-II, which provides µ = 33.68 ± 0.09 mag (see Sect. 2.2).
Early-time observations of SN 2013gy

Photometry and visual-wavelength spectroscopy
Our early-phase g PS1 -band light curve of SN 2013gy is constructed using data from three different facilities. This includes two epochs of g PS1 separated by ∼ 20 min, 52 epochs of g-band photometry obtained by the CSP-II (hereafter g CSP ) extending from −15.3 d 1 to +59.4 d, and 37 epochs of B-and V-band photometry from KAIT extending from −16.2 d to +53.6 d. To facilitate our analysis presented below, in the following the KAIT B-and V-band photometry is summed together (in flux space) and then multiplied by one half, creating what we refer to as BV.5-band photometry (see below). Reduced g PS1 -band photometry was downloaded from the PS1 webpage 2 , while CSP-II and KAIT images were reduced in the standard manner following the techniques described by Krisciunas et al. (2017) and Zheng et al. (2013) , respectively. Natural-system photometry of the supernova was computed for each set of science images relative to local sequences of stars. These were calibrated to the natural system of each setup using standard-star photometry converted to the natural systems through the use of color terms obtained from multiple observations of the standard fields (see Contreras et al. 2018 , for details). The resulting g PS1 -, g CSP -, and KAIT BV.5-band photometry is listed in Table 4 , along with the Scorrections (see below) that transform their photometry to the g PS1 natural system. Table 2 contains the journal of spectroscopic observations. These include 18 epochs of unpublished early optical spectra, 5 published spectra (Graham et al. 2017) , and a late-phase spectrum taken with the Magellan Baade telescope. The spectra were reduced following standard procedures (see, e.g., Hamuy et al. 2006) , were color-matched to multiband photometry, and are plotted in the rest frame in Fig. 2. 
Light-curve parameters and reddening
Basic light-curve parameters were computed using the lightcurve fitter SNooPy (Burns et al. 2011) , and key results are listed in Table 3 . SNooPy fits provide an estimate of the time and magnitude of peak brightness, the light-curve decline-rate parameter ∆m 15 (B), and the color-stretch parameter s BV (Burns et al. 2014) , as well as host-galaxy reddening. Using the SNooPy "max model" t B,max is found to have occurred on MJD = 56648.5±0.1 with m B = 14.699 ± 0.013 mag, and ∆m 15 (B) = 1.234 ± 0.060 mag. Fitting the entire suite of CSP-II optical/NIR light curves 3 with SNooPy's "EBV method2," we obtain an s BV = 0.892±0.05 mag, a host-galaxy color excess of E(B − V) host = 0.106 ± 0.004 stat ±0.060 sys mag, and a distance modulus µ = 33.68±0.09 mag. Combining E(B − V) host with the Milky Way component of E(B − V) MW = 0.049 mag (Schlafly & Finkbeiner 2011; Schlegel, Finkbeiner, & Davis 1998) , we obtain E(B − V) tot = 0.155 ± 0.060 mag, which is adopted throughout. Adjusting m B for reddening and K-corrections, and assuming our adopted dis- Maximum allowed radius of a companion star as a function of explosion time as inferred from the discovery g PS1 photometry and the previous KAIT nondetection limit plotted vs. days since discovery. Vertical black line in the left and right panels corresponds to the best-fit t first , accompanied by a shaded grey region corresponding to its 1σ uncertainty. (Bottom) Rest-frame-corrected nebular spectrum of SN 2013gy (black line), the continuum fit (red), and our 3σ Hα flux limit (blue line). The shaded area extends over the expected location of Hα ± 1000 km s −1 .
tance to the host, we find that SN 2013gy reached a peak absolute B-band magnitude M B = −19.32 ± 0.16 mag.
S-correction and a definitive g PS1 light curve
Here we describe how the g CSP -and BV.5-band photometry was transformed to the g PS1 natural system. We transform to the g PS1 natural system to avoid S-correcting the earliest observations where the S-corrections are more uncertain. To compute accurate S-corrections requires system response functions and a spectrum, and/or a spectral template (Stritzinger et al. 2002) . The left panel of Fig. 3 contains the g PS1 -, g CSP -, and KAIT BV.5-band response functions, along with early-phase optical spectra. The BV.5 response function is obtained by summing together the KAIT B-and V-response functions and multiplying the product by one half. The motivation for doing this is that the Scorrections computed for the KAIT B and V bands were found to be very similar (on the order of ±0.6 mag), but with opposite signs. So, by combining their photometry into a BV.5 system, the required S-corrections to transform the KAIT photometry to the g PS system are minimized and found to lie between −0.1 to 0.2 mag out to +60 d.
To compute an S-correction at a specific epoch, an observed and/or template spectrum is first color-matched to CSP-II broadband photometry. The S-correction that transforms g CSP -band natural-system photometry to the g PS1 -band natural system is computed by taking the difference between synthetic photometry computed using the two different passbands and the spectrum -that is, m(g PS1 ) = m(g CSP ) − ∆S. Given that the spectral energy distribution of SNe Ia is time dependent, S-corrections are computed for each epoch. Imaging was obtained using both the observed spectra and the Hsiao et al. spectral template. The Scorrections transforming our g CSP -and BV.5-band photometry to the g PS1 natural system are plotted in Fig. 3 (right, top panel) and listed in Table 4 . The observed g CSP and BV.5 photometry is also plotted (right, bottom panel) with and without the S-corrections.
Results
Early g PS1 light curve and constraints on t first
Plotted in the left panel of Fig. 4 is the early-time g PS1 -band light curve of SN 2013gy. Overplotted on the light curve is the bestfit single power-law function (i.e., f (t) = A (t − t first ) α ), a single power-law function with an index of 2, and a linear function. The right, top panel shows the residuals between the best-fit model and the photometry. Finally, the right, bottom panel of Fig. 4 contains the estimated error in the fit parameters and their correlation. Fitting was performed using the Markov Chain Monte Carlo (MCMC) Python package PyMC3 4 (Salvatier et al. 2016 ) and the No-U-Turn Sampler (NUTS; Hoffman & Gelman 2011). When fitting we only considered data obtained prior to −10 d (Conley et al. 2006; Ganeshalingam et al. 2011) , and α was a free parameter with priors defined using the results of Firth et al. (2015) . The best-fit power law corresponds to α = 2.16 +0.06 −0.06 and t first = 56629.4 +0.1 −0.1 MJD. We note that from examination of the right, bottom panel of Fig. 4 , a value of α = 2.0 is found to be within 2σ of the best-fit value. Assuming α = 2.0 would imply a t first value that is 7 hr later than our inferred best-fit value. We also note that because the first 3 epochs span more than 3 days and the uncertainty of the first KAIT measurement is relatively large, we cannot rule out a linear rise prior to ∼ 15 d before t B,max . The best fit to a linear rise implies a value of t first that is 1.3 d later and only 14 hr before the PS1 images.
Comparison of the best-fit t rise to the first PS1 detection indicates that SN 2013gy was discovered 1.93 +0.12 −0.13 d past t first , and when compared to t B,max , one obtains t rise = −19.10 +0.12 −0.13 days.
Spectroscopy and an estimate of t explosion
Spectra of SN 2013gy taken around maximum light resemble those of normal SNe Ia. Pseudo-equivalent-width (pEW) measurements of the Si ii λ5972 and λ6355 features indicate that it is "core normal" (CN) according to Branch et al. (2006) . Moreover, the position of the absorption minimum of the Si ii λ6355 feature in the −0. 
Constraints on interaction with a nondegenerate companion
Companion radius (R c ) limits are computed following the methodology of Shappee et al. (2018a) , which is based on comparing the observations to the analytical model predictions of Kasen (2010) . Taking a conservative explosion time to be ∼ 2 d before discovery and assuming a favourable viewing angle of 15 • , we compute R c limits using both the discovery g PS1 photometry and the previous KAIT nondetection. Our limits on R c are plotted vs. days relative to the epoch of discovery in the topright panel of Fig. 5 . Combined limits indicate R c 4 R in the case of a favourable viewing angle.
Limits on the presence of companion material
Hydrodynamic simulations of ejecta-companion interactions indicate that > 0.15 M of material could be removed from hydrogen-rich (H-rich) Roche-lobe overflow (RLOF) companions via stripping/momentum-transfer or ablation/heating and is expected to have a velocity dispersion of v ≈ 1000 km s −1 (e.g., Marietta et al. 2000; Pan et al. 2012; Boehner et al. 2017 ). This unbound material should be visible during the nebular phasewhen the ejecta become optically thin -and lead to a prominent emission signature.
To place a limit on the Hα emission we follow conventional techniques in the literature (e.g., Leonard 2007; Shappee et al. 2013) . Briefly, the late-phase (+235 d) spectrum of SN 2013gy was flux calibrated to match photometry computed from PS1 stars (Flewelling et al. 2016 ) located in an R-band acquisition image. Next, the continuum was fitted in the vicinity of Hα and subtracted from the spectrum, yielding no statistical evidence for Hα emission as demonstrated in the bottom panel of Fig. 5 . Following Leonard (2007) , we obtain a 3σ statistical flux limit of 4.5 × 10 −16 ergs s −1 cm −2 Å −1 . For our adopted distance and using the models of Botyánszki et al. (2018) , this corresponds to an H-mass limit of < 0.018 M . This limit is an order of magnitude lower than all estimates of unbound mass values for normal SNe Ia, effectively ruling out H-rich RLOF companions. This leaves only a small parameter space of subdwarfs and He stars whose signatures could remain undetected in the spectrum.
Discussion
We have presented discovery and follow-up photometry of the normal SN Ia 2013gy. Photometry obtained from different facilities was carefully calibrated to the g PS1 system. The early rise of the light curve is well fit with a single power-law function, indicating that SN 2013gy was discovered within 48 hr of t first . The corresponding t first value is consistent with a t explosion estimate based on the Doppler velocity evolution of the Si ii λ6355 feature. A short dark phase has been inferred from the study of several other supernovae including SN 2009ig, SN 2011fe, SN 2012cg (Piro & Nakar 2014) , and iPTF 16abc (Miller et al. 2018) . In contrast, the transitional iPTF 13ebh may have experienced a ∼ 4 d dark phase (see Hsiao et al. 2015) .
Examination of the pEW values of the Si ii λ5972 and λ6355 doublets shows that SN 2013gy is core normal (Branch et al. 2006 (Branch et al. , 2009 , while its Si ii λ6355 Doppler velocity makes it a normal object according to the classification scheme of Wang et al. (2009) . Moreover, as discussed by Stritzinger et al. (2018) , the early intrinsic (B − V) 0 colors reveal it to be a red and rapidly evolving object, similar to SN 2011fe. In summary, SN 2013gy displays all of the characteristics of a normal SN Ia.
Making use of the early discovery of SN 2013gy, limits were placed on the radius of any companion star of R ≤ 4 M sun . Combined with our stripped H-mass limit of 0.018 M obtained from a nebular-phase Magellan spectrum, our analysis effectively rules out H-rich RLOF companions. This result highlights the power to constrain existing SN Ia progenitor models with the use of both early and late-phase observations. This paper made use of discovery images obtained by the Pan-STARRS1 Survey (PS1), which was made possible through contributions of the Institute for Astronomy, the University of Hawaii, the Pan-STARRS Project Office, the Max-Planck Society and its participating institutes, the Max Planck Institute for Astronomy, Heidelberg and the Max Planck Institute for Extraterrestrial Physics, Garching, The Johns Hopkins University, Durham University, the University of Edinburgh, Queen's University Belfast, the Harvard-Smithsonian Center for Astrophysics, the Las Cumbres Observatory Global Telescope Network Incorporated, the National Central University of Taiwan, the Space Telescope Science Institute, the National Aeronautics and Space Administration (NASA) under grant NNX08AR22G issued through the Planetary Science Division of the NASA Science Mission Directorate, the NSF under grant AST-1238877, the University of Maryland, and Eotvos Lorand University (ELTE). 
